Reinforcing effect of hybrid filler including wheat straw (WS) and inorganic filler (heavy calcium carbonate, silicon dioxide, and fly ash) in recycled polypropylene (R-PP) has been investigated. The effects of individual filler (WS) and combined fillers (WS and inorganic filler) on morphological, mechanical, and thermal expansion and water absorption properties of hybrid composites were investigated. The flexural modulus and flexural strength were both reduced when reinforced with three kinds of inorganic fillers, respectively, which was possibly due to the poor interphase adhesion as observed in SEM. The high surface energy of heavy calcium carbonate due to its high acidic character provides an opportunity of better PP-heavy calcium carbonate interfacial interactions compared to PP-straw, PP-fly ash, and PP-SiO 2 interface. The water absorption at saturation increased markedly by introduction of WS in it. The hybrid composites from WS and inorganic fillers showed better water absorption compared to those WS/PP composites. The thermal expansion of composites decreased with the increase of WS loading. Heavy calcium and SiO 2 can obviously reduce the LCTE value of composite. At the 25% inorganic filler content, composites had the smallest LCTE values.
Introduction
Wood plastic composites (WPCs) are gaining a great attention in different applications due to their good properties, which include low density, low cost, renewability, and mechanical properties. Apart from this, their exposure to changing environment or contact with aqueous media has made it necessary to evaluate the thermal expansion and water uptake characteristics of these materials [1] .
A growing demand for structural WPCs elements characterized by low thermal expansion and water uptake has recently appeared in applications such as curved structure design, where minimum dimension change and water absorption are required. Thus, thermal expansion and water absorption caused by external environment variations have to be taken into account in the design of WPCs for final application [2] . Linear coefficients of thermal expansion (LCTE) values for wood (along the grain) and mineral (e.g., calcium carbonate) fillers are about 20 times lower than those of plastics and about 10 times lower than those of WPCs [3] . Lee et al. [4] studied thermal and mechanical properties of wood flour (WF) and talc filled polylactic acid (PLA) composites. The addition of WF and WF-TALC mixture into neat PLA resulted in some decreases in the glass transition and crystallization temperatures of the composites. Hybrid composites from talc, WF, and polyhydroxybutyrateco-valerate (PHBV) were analyzed by Singh et al. [5] , which shows the composition at 20 wt.% of wood fiber and talc in PHBV gave a leap of ∼200% improvement in Young's and flexural modulus. To enhance the physicomechanical properties of WPCs, Nourbakhsh et al. investigated the performance of polypropylene composites made from hybrid fillers including 2 International Journal of Polymer Science rice husk flour, beech bard flour, and nano-SiO 2 [6] . The results suggest that waste lignocellulose materials along with mineral filler (nano-SiO 2 ) can be successfully utilized to make composites with useful physicomechanical properties. Composites with 58 wt.% lignocellulose flour and 3 wt.% nano-SiO 2 loading showed optimum water absorption in all combinations.
In order to create a balance among the environmental friendliness, the cost effectiveness, and the characteristics of the green composites, the compositional selection and design of hybrid composites play an important role [7] . China is a large agricultural country which produces thousands of tons of wheat. As an agricultural by-product, most of WS was directly abandoned which made WS very cheap and easily obtained [8] . Usually, the addition of inorganic filler into polymeric materials enhances the stiffness, toughness, and dimension stability of filled composites. Although inorganic fillers like glass fibers, carbon fibers, or nanofillers have been reported to enhance the mechanical properties and thermal performance of filled plastic composites, their high price made the filled plastic composites more expensive [9, 10] . Heavy calcium carbonate, silicon dioxide, and fly ash are cheap and common inorganic materials. Heavy calcium carbonate is made by ground natural carbonate minerals such as calcite, marble, and limestone. Silicon dioxide is the main raw material of madding glass and pottery. Fly ash is the most common solid waste in power plant. The low cost and ease of use in processing make them a profitable material to the processing industry. The objective of this study is to develop recycled PP based hybrid composites consisting of WS and inorganic fillers. Three types of inorganic fillers (heavy calcium carbonate, silicon dioxide, and fly ash) were used for compounding with WS. The effects of individual filler (WS) and combined fillers (WS and inorganic filler) on morphological, mechanical, and thermal expansion and water absorption properties of composites were investigated. This composites system of WS and inorganic fillers reinforced recycled PP is expected to be a fundamental base for developing new functional applications of industrial and agricultural waste recycling. By proper combination, one can achieve a balance of properties such as high stiffness, good dimension stability, and low price. Experiment design included two factorial experiments. The first experiment was designed to study the effect of WS loading levels consisting of four loading rates (i.e., 20, 35, 50, and 60 wt.%). The second experiment was designed to study the effect of inorganic fillers (i.e., fly ash, silicon dioxide, and heavy calcium carbonate) and their loading level (i.e., 10, 15, 20, and 25 wt.%) on inorganic filled WS/PP composites: R-PP/fillers = 50/50 (wt.%) is fixed for all composites.
Materials Processing and Experiment Methods

Sample Preparation.
A speed mixer (K600-3205, Braun Electric, Germany) was used to mix WS and inorganic filler thoroughly, while stirring an aqueous solution (ethanol : water = 9 : 1 by weight) including a silane coupling agent (2 wt.% by the weight of WS and inorganic filler) was sprayed into them at 25 ∘ C for 30 min. After that, the mixture of WS and inorganic filler was dried at 105 ∘ C for 12 h. The inorganic filled WS/PP composites were prepared by blending the mixture and PP at 175 ∘ C for 5-7 min on a two-roll mill (X-160 Banbury Mixer, Chuangcheng Rubber and Plastic Machinery Co., Ltd., Wuxi, China), after which the melting mixture acquired (XLB-0 Vulcanizing Machine, Shunli Rubber Machinery Co., Ltd., Huzhou, China) was ground into a compression molding machine at 180 ∘ C and 12.5 MPa for 12 min to shape it to a rectangular board.
Characterization
Morphology Analysis.
The morphologies of selected composite samples were analyzed by a Hitachi S-4800 Scanning Electron Microscope (SEM) (Hitachi Ltd., Tokyo, Japan). The fractured surfaces of selected test samples were coated with Au to improve the surface conductivity before observation and observed at an acceleration voltage of 3 000 V.
Mechanical
Properties. Flexural test of samples was carried out according to ASTM D790-03, using a CMT6104 SANS Mechanical Testing Machine (Tesla Industrial systems Co., Guangdong, China). Notched izod impact strengths were measured with XJJ-5 Impact Tester (Jinjian Testing Instrument Co., Chengde, China) according to the ASTM D256-05. Four samples of each group were tested.
Water Absorption.
Water absorption studies were performed following the ASTM D570-98. Three specimens (50 × 10 × 5 mm) of every sample were immersed in distilled water at room temperature. At various time intervals, test specimens were removed from water and weighed in a high precision balance. The content of water was calculated by the weight difference.
Thermal Expansion
Performance. Thermal expansion samples were machined with a miniature table saw along the long direction of samples with a dimension of 43.5 (length) × 12.7 (width) × 5.4 (thickness) mm. The LCTE value of each specimen was measured parallel to the long direction over a temperature range from 20 to −13 ∘ C and from −13 to 60 ∘ C. They were conditioned at 60 ∘ C in an oven and at −13 ∘ C in a freezer from their initial equilibrium temperature of 25 ∘ C prior to size measurements with a Mitutoyo digimatic indicator of ±0.01 mm accuracy (Mitutoyo Co., Kanagawa, Japan). Five specimens were used for each group. The LCTE for each sample was calculated based on size changes before and after conditioning. The heating and cooling rates were kept constant at 5 ∘ C/min. The LCTE ( , 1/ ∘ C) was calculated as follows:
where is the linear dimension of the test sample and / is the rate of change in the linear dimension per unit temperature.
Results and Discussion
3.1. Morphology. Morphologies of impact fractured surfaces of composites with WS and combined WS-inorganic fillers are shown in Figure 1 . Some fiber pullout and inorganic filler debondings caused by poor interface adhesion between fillers and PP matrix happened during the fracture process as indicated by the voids on the fracture plane. As it can be seen from Figure 1 (c), SiO 2 and WS distribution into the matrix is reasonably well and, in contrast with Figures 1(a), 1(e), and 1(g), more filler pullout and debondings were observed, indicating the lack of enough interfacial bonding strength. It could be found that most WS and heavy calcium carbonate appeared to be well dispersed in the PP matrix ( Figure 1(c) ), indicating that WS and heavy calcium carbonate were compounded well with PP matrix. Likewise, agglomeration of fillers was observed when filler content reached higher loading level as shown in Figure 1 (h), which reduced their effective bonding.
This was consistent with low mechanical properties due to inefficiency of strength transfer from filler to plastic matrix.
Mechanical Properties
Flexural Property.
Flexural properties of WS/PP composite with different loading level of WS from 20 to 65 wt.% are shown in Figure 2 . Flexural modulus of the composite exhibited an increasing trend with increasing WS content in the WS/PP composites. WS/PP composite having 65 wt.% of WS content showed a notable increase of 45% when compared with 20 wt.%. This phenomenon can be attributed to the fact that the WS fibers restrict the mobility of the macromolecules of the PP matrix when subjected to the tensile stress. It exhibited the high stiffness of WS which plays an important role in determining the flexural modulus. Flexural strength of WS/PP composite increased with WS content from 20 to 50 wt.% but decreased at 65 wt.%. This is because the higher content of WS fiber led to agglomeration problem. The agglomeration of WS fiber is an indication of poor bonding or low interfacial adhesion strength between the filler and PP matrix. Figure 2 also gives the details of WS/PP composites with varying inorganic filler level in matrix. The flexural modulus and flexural strength of WS/PP composites were both reduced when reinforced with three kinds of inorganic fillers, respectively. The detrimental effect of inorganic filler addition into WS/PP composites became apparent such that inorganic filler reduced the ductile behaviour of the matrix by making the composites more brittle. In addition, the hydrophilic nature of the WS fiber and inorganic filler and the contrasting hydrophobic nature of PP matrix exacerbate the agglomeration problem as observed in the micrographs (Figure 1 ), thus resulting in the strength concentration and the reduction of bending property.
Impact Strength.
The effect of WS content on the impact strength of WS/PP composites is depicted in Figure 3 (a). A general trend of decreased impact strength with the increasing fiber content in a composite was observed. The stiffness of WS/PP composite increased with the addition of WS and the strength concentration caused by fiber aggregation, thus resulting in the reduced toughness of the composite. Figure 3 also shows the impact strength of the WS/PP composites with inorganic fillers content from 10 to 25 wt.%. The increase of inorganic filler loading with decreasing impact strength. The impact test measures the energy required to completely break the specimen. This energy is a combination of crack initiation and crack propagation phenomenon, which depends on various factors like fiber to matrix adhesion, toughness of matrix and fiber alone, defects in the packing of fiber/matrix, crystalline morphology, and so forth [11] . The WS and inorganic filler are stiffness materials and the increase of rigid inorganic filler further decreases the impact strength. The strength concentration caused by defects in the packing of filler/matrix may also be a contributing factor to reduced impact strength of the composites.
Surface Energy Analysis.
For all fillers reinforced composite materials, the adhesion between the fillers and matrix has a key effect on the mechanical performance of the composites. Studies have indicated that good adhesion can benefit the load transfer between the fillers and matrix, determining the effectiveness of fillers in enhancing the mechanical properties and fracture behaviour of the composites [12, 13] . The surface energy of polymer could be used to study the wettability of polymer blending and the reinforcement with fibers, which govern the fillers and matrix adhesion properties. The level of adhesion is dependent on surface tension and interphase tension between the fillers and matrix. Surface energy data allows the calculation of theoretical work of adhesion values across an interface between fibers and another material [14, 15] . The surface free energy was calculated according to the Lifshitz-van der Waals or Lewis acid/base theory [5, 16, 17] :
where is the surface energy (or surface tension in mJ/m 2 ). The superscript LW corresponds to the Lifshitz-van der Waals International Journal of Polymer Science component (apolar or dispersive component), which is based on temporary forces of attraction and repellence due to the movement of electrons in all molecules. AB is Lewis acid/base or polar component, which is based on electron acceptor/electron donor interactions between polar moieties, so it can be further refined into the electron-acceptor ( +) and electron-donor ( −) parameter. The surface energy data of fillers and polypropylene in this paper which were obtained from various literatures are given in Table 1 [18] [19] [20] [21] [22] . A total expression for the interfacial tension between reinforcement and matrix is given by Giese and Van Oss as follows [23] [24] [25] :
where LW is Lipschitz-van der Waals forces, − and + are polar forces, and and are two interacting phases. The thermodynamical work of adhesion (WA) between two interacting phases is another way to quantify the interfacial strength. Owens and Wendt have suggested applying the geometric mean of the polar and the nonpolar interactions for the calculation of WA, which leads to the following [5, 23, 24] :
Following the above equations, the interfacial tension and thermodynamical work of adhesion between the filler and matrix interfaces were calculated and given in Table 2 . Table 1 presents surface energy parameters of PP and fillers, which determined their wettability. The main reason of liquid can spread on solid surface spontaneously is the surface energy of liquid is smaller than that of solid surface. The greater difference of surface energy between solid and liquid, the better spreading of liquid on solid surface [26, 27] . As apparent from Table 1 , high surface energy of the heavy calcium carbonate provides an opportunity for the low PP matrix to completely wet its surface and have intimate interactions between two phases. The surface energy of fly ash is lower than that of PP, which made PP harder to wet its surface. This was reflected in the depressed flexural modulus and flexural strength at the high level of fly ash content. As can be seen from Table 2 , the theoretical values of the interfacial surface energy and WA of PP-heavy calcium carbonate interface are higher than those of PP-straw, PP-fly ash, and PP-SiO 2 interface. The higher interfacial adhesion can promote better bonding and mechanical interlocking between the reinforcement and matrix [26] . Thereby the heavy calcium carbonate/WS/PP composites have better properties in flexural modulus and flexural strength. Though PP-SiO 2 also shows good value of and WA, the properties of flexural modulus and flexural strength did not improve markedly. This result was expected due to the fact that the compression molding could not make inorganic fillers evenly distributed. The hydrophilic nature of the WS fiber and inorganic filler and the contrasting hydrophobic nature of PP matrix exacerbate the agglomeration problem, resulting in the strength concentration and the reduction of bending property.
Water Absorption.
Plots of water absorption versus immersion time for WS and inorganic filler reinforced PP composites were presented in Figure 4 . The presence of WS dramatically increases the water absorption of WS/PP when compared to 20 wt.% WS reinforced PP composites. This phenomenon can be attributed to the hydrophilic nature of WS fiber, which leads to absorbing much water depending on the environmental condition. The chemical reason for this is due to the presence of hydroxyl groups in the cellulose structure which attract water molecules and bind with them through hydrogen bonding as reported in the literatures [28, 29] . It can be observed from Figures 4(a) , 4(b), and 4(c), that the amount of water absorption decreased by increasing the loading levels of inorganic fillers. Because of constant WS and inorganic filler content (50 wt.%) in all formulations, the different water absorption among all manufactured composites could be attributed to the role of inorganic filler.
Compared to WS/PP composites with 50 wt.% WS, the water absorption of composites has been, respectively, reduced by 1.8% (fly ash), 25.8% (heavy calcium carbonate), and 42.4% (SiO 2 ), when the inorganic filler loading level increased to 25 wt.% (Figure 4(d) ). The introduction of fly ash did not exhibit a significant effect on improving the water absorption resistance of WS/PP composite. Because of the weak adhesion between PP-fly ash and PP-WS (Table 2) , more holes could be found in Figure 1(d) , through where water seeped into the internal material results in the increment of water absorption. However, the incorporation of SiO 2 effectively decreases the water absorption for SiO 2 filled WS/PP composites compared to unfilled WS/PP composites. The maximum water absorption decreases continuously with increasing SiO 2 content. This result was expected due to the presence of SiO 2 in the WS/PP composites which acts as a barrier medium that hinders the water flow into the composites from all directions, which decreased equilibrium water content [30, 31] . Similar observation has been made by Alamri and Low [30] on nanoclay filled recycled cellulose fiber reinforced epoxy hybrid nanocomposites. Their results showed that water absorption decreased with clay content increased.
Three different mechanisms have been proposed for moisture penetration into the composite [32, 33] . The main process is the diffusion of water molecules inside the microgaps between the polymer chains. The other two mechanisms are capillary transport of water into the gaps and flaws created at the interface of fiber and polymer matrix because of incomplete wettability and impregnation and also diffusion of water molecules into the microcracks formed in the matrix during the compounding process [34] . There are three categories for diffusion behaviour. In case I, the rate of diffusion is much less than that of the polymer segment mobility (relaxation). Penetrant mobility is much greater than the polymer relaxation in case II and the diffusion is characterized by the development of the boundary between swollen outer part and the inner core of the polymer. Non-Fickian or anomalous diffusion occurs when the penetrant mobility and polymer segment mobility are comparable [34] [35] [36] . This is an intermediate behaviour between cases I and II. These cases can theoretically be distinguished by [36] 
where is the water absorption at time , ∞ is water absorption at the saturation point, and and are constants. The value of is different for the cases as follows: in Fickian diffusion = 0.5, relaxation = 0.5, relaxation > 0.5, and anomalous transport 0.5 < < 1. The coefficients ( and ) are calculated from slope and intercept of the log plot of / ∞ versus time which can be drawn from experimental data.
The diffusion coefficient is the most important parameter of Fick's model and shows the ability of water molecules to penetrate inside the composite structures. At early stages and small times (typically / ∞ ≤ 0.5), the diffusion process is presented as follows [37] :
where is the thickness of the specimen and is the diffusion coefficient. The data were plotted as / ∞ against 1/2 ( Figure 5 ), and the diffusion coefficients were obtained from the slopes of the linear part of the plots using the less-squares method which were given in Figure 6 . It can be observed that the diffusivity of WS/PP composites increased from 6.6 × 10 −12 m 2 /s to 1.7 × 10 −11 m 2 /s after the addition of WS fiber from 20 to 65 wt.%. It can also be observed that the maximum water absorption increased significantly (from about 3% to over 33%) by introduction of WS fiber (from 20 wt.% to 65 wt.%) in it. This result was expected due to the hydrophilic nature of WS fiber; the overall performance of WS/PP composites was penalized when exposed to water. WS fiber was assumed to be encapsulated in the PP matrix, which was not completely valid, especially when the filler content is above 40 wt.% [38] . The high WS loading level (65 wt.% WS) further contributed to the activeness of capillarity and transport via microcracks leading to more water being seeped into the composites. The capillarity mechanism involves the flow of water molecules along fiber-matrix interfaces and a process of diffusion through the matrix [39] . In addition, Tamrakar and Lopez-Anido [40] stated that, with higher percentage of filler content, the fillers form extended and contacting chains, which enhances the penetration of water into the core of the material, resulting in increased moisture content of the overall material. Diffusion coefficient and maximum water absorption of the composite exhibited a decreasing trend with increasing inorganic filler in the WS/PP composites, in which WS/PP with SiO 2 and heavy calcium carbonate presented good properties in the reduction of diffusion coefficient and maximum water absorption. This might be attributed to the fact that high interfacial adhesion of PP-SiO 2 and PP-heavy calcium carbonate enhanced the bonding performance between the reinforcement and matrix, which slowed capillarity and water molecules transport penetrating into the composites.
Thermal Expansion Properties.
The LCTE values over two temperature ranges (from 20 ∘ C to −13 ∘ C and from −13 ∘ C to 60 ∘ C) are illustrated in Figure 7 as a function of wheat straw filler content levels for composites. Wheat straw fiber content at the 20% level causes the largest LTEC values, which are 110.9 and 107.1 × 10 −6∘ C, respectively. At the 65% level, the LTEC values reduced by 66.9% and 69.3%, respectively, which are 66.5 and 63.2 × 10 −6 / ∘ C. The thermal expansion of composites decreased with the increase of wheat straw loading level. The increasing of wheat straw fiber could limit the deformation of polypropylene molecular chain and hinder the flow ability of plastic matrix, which might be the reason for lower LCTE value. When the total filler content remains at 50%, three sorts of inorganic filler (fly ash, silicon dioxide, and heavy calcium) were used to gradually replace the content of the organic filler, respectively. Figure 7 shows measured LCTE values as a function of inorganic filler content for wheat straw filled R-PP. The temperature range of 20 ∘ C to −13 ∘ C had the largest LCTE values at all inorganic content levels. Heavy calcium and silicon dioxide can obviously reduce the LCTE value of composite. LCTE decreased with increased heavy calcium and silicon dioxide content. When the 25% inorganic filler was filled, composites revealed the smallest LCTE values. Compared with 50% WS filled PP composites, the LCTE values decreased by 33.9% and 32.8%, respectively, at 25% heavy calcium loading level. And when 25% silicon dioxide was filled into WS/PP composites, this values decreased by 25.6% and 27.8% respectively. With the increased fly ash content, the LCTE of filled composites showed unapparent influence on reducing LCTE value. The reason might be the poor compatibility of fly ash, wheat straw fiber, and the PP matrix, which made fiber and fly ash cannot limit the deformation of the matrix.
Conclusions
The present study has shown that recycled PP based hybrid composites consisting of WS and inorganic fillers can be fabricated and achieved a balance of properties such as high 35 50 65 20
Wheat straw content (wt.%) stiffness, good dimension stability, acceptable thermal expansion properties, and low price. The following conclusions could be drawn from the results of the present study:
(1) The stiffness of WS/PP composite increased with the addition of WS and the strength concentration caused by fiber aggregation, thus resulting in the reduced toughness of the composite. The flexural modulus and flexural strength of WS/PP composites were both reduced when reinforced with three kinds of inorganic fillers, respectively, which was possibly due to the poor interphase adhesion as observed in SEM micrographs. The increase of rigid inorganic filler further decreases the impact strength.
(2) The high surface energy of heavy calcium carbonate due to its high acidic character provides an opportunity of better PP-heavy calcium carbonate interfacial interactions compared to PP-straw, PP-fly ash, and PP-SiO 2 interface.
(3) The water absorption at saturation increased markedly by introduction of WS fiber in it. The hybrid system of WS and inorganic fillers showed better water absorption compared to those WS/PP composites without inorganic fillers.
(4) The thermal expansion of composites decreased with the increase of WS loading. Heavy calcium and SiO 2 can obviously reduce the LCTE value of composite. At the 25% inorganic filler content, composites had the smallest LCTE values.
